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50
The parathyroid gland has two major types of cells, chief cells which are most prevalent and 51 water clear chief adenoma compared to other types of parathyroid adenoma (2). While chief cell 64 adenomas are known to be functional and secrete parathyroid hormone (PTH), oxphilic cell adenomas 65 have previously been considered as non-functional. However, several cases of PTH secreting 66 oxyphilic cell adenomas have been described, and functional oxyphilic cell adenomas are reported to 67 constitute 3-6.25% of all parathyroid adenomas (3,4). In a recent study, oxyphilic cell adenomas were 68 associated with higher pre-operative levels of serum calcium and PTH and a higher rate of 69 symptomatic disease (5). Several studies have been done to identify the molecular background of 70 parathyroid tumors through comparision of benign, malignant and normal tissue at the gene and 71 protein levels (6,7). The contribution of different parathyroid cell types in the tumorgenesis has rarely 72 been considered. In secondary hyperparathyroidism different protein expression patterns were foundM A N U S C R I P T
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4 PTHLH), PTH, 1-alpha-hydroxylase, and calcium sensing receptor (CaSR) were observed in 75 oxyphilic cells (8) . 76 M A N U S C R I P T
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gene RPLP0 was used as endogenous control, and a no-template sample as negative control. All 134 samples were loaded in triplicate and run together in a 384-well plate. Relative gene expressions were 135 quantified according to 2 ^ (-∆CT) for each sample. 136 137
Immunohistochemistry (IHC) 138
All antibodies were first examined in a testing panel of 4 parathyroid adenomas (2 chief cells and 2 139 oxyphilic). Selected proteins were then analyzed in parathyroid adenomas no. 1-30 and three normal 140 parathyroids. After deparaffinization, rehydration, citrate antigen retrieval, slides were incubated with 141 primary antibodies at 4 °C overnight. Details about antibodies used and dilutions applied for detection 142 of CASR, PTH, VDR, Menin, SURF4, S100B and TR4 are given in Supplementary Table S3 . The 143 results were visualized using the EnVision™ Detection Systems (Rabbit/Mouse) DAB (Dako). 144
Anonymized samples of breast cancer, thyroid cancer and normal liver and kidney were included as 145 positive controls. Omission of the primary antibody served as negative control. The staining intensity 146 was scored as as negative (0), weak (+1), intermediate (+2), strong (+3) or very strong (+4). 147 148
Chromogenic in situ hybridization (CISH) 149
Chromogenic in situ hybridization (CISH) for PTH mRNA expression was previously reported for 10 150 of the cases together with PTH immunohistochemistry performed on paralell slides (11) 151 (Supplementary Table S4 ). CISH was performed essentially according to published methodology 152 using a PTH mRNA probe (catalogue #400521, Advanced Cell Diagnostics) as described in (11) . published methodology (12). In short, 100 µg of each peptide samples were used for iTRAQ-labeling 161 followed by and narrow range IPG-strips for peptide focusing (pH 3.7 -4.9). After focusing, peptides 162 were extracted from the strips by a prototype liquid handling robot. For LC-MS, an LC auto sampler 163 (HPLC 1200 system, Agilent Technologies) and a nano electrospray ionization (NSI) source were 164 used. Online LC-MS was performed using a hybrid Q-Exactive mass spectrometer (Thermo 165 Scientific). FTMS master scans with 70,000 resolution (and mass range 300-1700 m/z) were followed 166 by data-dependent MS/MS (17,500 resolution) on the top five ions. Precursors with unassigned 167 charge state or charge state 1 were excluded. An underfill ratio of 1% was used. 168
169
All identified proteins were used for further comparisons between sample groups. To evaluate the 170 differences between the studied groups both univariate and multivariate tests were performed. 171
Univariate data analysis was done in R by performing a Student's t-test with correction for multiple 172 testing (Benjamini-Hochberg FDR) applying a False Discovery Rate (FDR) <0.05 and or P-value < 173 0.01 as cut-off. Multivariate data analysis was carried out using Simca-P+, version 13.0.3 (Umetrics 174 AB, Umeå, Sweden). Principal Component Analysis (PCA) was performed, which is an unsupervised 175 method that can be used to get an overview of the data and identify trends, groups or outliers. 176
Ingenuity Pathway Analysis (Qiagen, Hilden, Germany, www.ingenuity.com) was used to search for 177 enriched signaling pathways. Supplementary Table S1 . Cases with oxyphilic cell adenomas had higher 212 medium age at surgery as compared to chief cell adenomas (72 vs. 57 years, P<0.001). Oxyphilic 213 cell adenomas also showed higher creatinin levels at surgery than the chief cell group. A few patients 214 in each group had slightly increased creatinine levels. There was no difference between groups 215 concerning gender, tumor weight, pre-operative ionized calcium, phosphate, or PTH and 216 post-operative ionized calcium at day 1 and 6 months or PTH (Supplementary Table S1 ).
218
Expression of known parathyroid-related genes in oxyphilic and chief cell adenomas 219
The expressions of 12 parathyroid related genes were determined by qRT-PCR in 14 chief cell 220 adenomas and 16 oxyphilic cell adenomas (Table 2) . We observed higher expression of PTH mRNA 221 in oxyphilic cell adenomas than chief cell adenomas (Supplementary Figure S1) . No statisticallyM A N U S C R I P T Figure S2) . For CYP27B1 and CYP24A1 224 only low expression levels were observed and in some cases no expression was detectable, for 225 example CYP24A1 was only detected in 10 out of 30 adenomas (Supplementary Figure S2) . 226
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NDUFA13, CDKN1B, MEN1 and CNND1 (Supplementary
227
Nine of the 12 genes examined by qRT-PCR were also identified by the LC-MS/MS analysis ( Table  228 2). None of these proteins showed significantly different expression levels between the sample groups 229 of normal parathyroid and different types of parathyroid adenomas. 230 231
VDR expression in parathyroid tissues 232
Using IHC VDR was shown to be expressed in membrane and cytoplasm of all adenomas ( Figure 1 , 233 Table 2 ). In 21/30 sections a normal rim was present. Strong expression of VDR (+3 to +4) was 234 shown in normal rim while adenomas showed very low to very strong expression (0 to +4). On 235 average the staining intensity was less strong in oxyphilic (mean +2; range 0 to +3) as compared to 236 chief cell adenomas (mean +3; range 0 to +4). Very weak staining (positive cells < 10%) was found 237 in 3/16 oxyphilic cell adenomas and in 1/14 chief cell adenomas. In addition, 5/16 oxyphilic 238 adenomas and 3/14 chief cell adenoma have staining mixed expression pattern with 10% to 40% of 239 tumor cells that were VDR negative . 240 241
PTH and PTH gene expression in parathyroid tissues 242
Given the importance of PTH in parathyroid tissues we further examined PTH and PTH gene 243
expression. PTH expression was observed in membrane and cytoplasm (Figure 1). Normal rim 244
showed stronger PTH staining (+3 to +4) than adenoma from same patient which the adenomas 245 showed varying intensities from low (+2) to very strong (+4) (Figure 1 ). On average no difference 246 was observed between oxyphilic cell adenomas (mean +3; range +2 to +4) and chief cell adenomas 247 (mean +4; range +2 to +4). Ten of the cases had previously been analysed with IHC and CISH in 248 parallel (Supplementary Table S4 (Table S5) . Totally 199 proteins 262 showed different expression levels between oxyphilic and chief cell adenomas (Table S6) terminal antibody, TR4 expression was detected in 7 out of 14 chief cell adenomas, but not in any 284 oxyphilic cell adenoma by Western blot analysis ( Figure 3A) . IHC with the same antibody showed 285 nuclear expression in both chief and oxyphilic cell adenomas, with weaker cytoplasmic expression 286 levels. Differential expression was observed in normal rim as compared to adenoma tissue from the 287 same patient, with stronger cytoplasmic expression in the normal rim as compared to adenoma tissue 288 ( Figure 4B ). Normal parathyroid tissues from normo-calcemic patients showed similar pattern as 289 normal rim with mixed cytoplasmic and nuclear staining. Using a second TR4 antibody directed to 290 the C-terminal similar nuclear and cytoplasmic expressions were observed, however the staining was 291 generally weaker ( Figure 4B ). In primary cell cultures of parathyroid adenomas the expression of 292 TR4 was not affected by the various calcium levels in the culturing media ( Figure 3B) . 293
294
The kinase eEF2K was found at lower levels in conventional chief cell adenomas than in normal 295 parathyroid by LC-MS/MS. In the further analysis expression of the functional serine 366 296 phosphorylated form of eEF2K was investigated. Short-term cultured parathyroid adenoma cells were 297 treated with 0.7, 1.25 and 1.8 mM Ca 2+ for 24 h. Those Ca 2+ concentration were selected according to 298 reference calcium PTH set-point (13). Subsequently Western blot analyses revealed expression ofM A N U S C R I P T
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LMO3 was found increased in parathyroid adenomas, especially in oxyphilic cell adenomas. S100B 302 decreased in parathyroid adenomas by LC-MS/MS. By Western blot using specific mouse anti LMO3 303
and Rabbit anti S100B monoclonal antibodies, we confirmed the expression of LMO3 and S100B in 304 human parathyroid adenomas. LMO3 showed higher expression in oxyphilic cell adenomas than chief 305 cell adenomas ( Figure 5A ), which was consistent with the MS result. Generally the expression of 306 S100B was weak and only detected in 1 out of 14 chief cell adenomas, as compared 6 out of 16 307 oxyphilic cell adenoma ( Figure 5B ). By IHC S100B showed cytoplasmic expression in both 308 adenomas and normal parathyroids (Table 2 and Figure 4B ). In mixed cell adenomas the 309 S100Bstaining was stronger in oxyphilic cells than chief cells within the same tumors ( Figure 4B) . 310
No significant difference was found in S100B expression between adenoma and normal rim. 311
Ingenuity pathway analysis showed that LMO3 have interaction with the p53 protein (data not show). 312 Therefore, the protein expressions of p53 were further investigated. As shown in Figure 5C , we did 313 not detecte any visible product at size of 53 kDa in parathyroid adenomas using a p53 antibody 314 recognizing both wild-type and mutant p53. However, using real time PCR lower mRNA levels of 315 TP53 were revealed in oxyphilic cell adenomas compared to chief cell adenomas (P<0.05) (Figure 5  316   D) . 317 SURF4 is known to be located in the endoplasmic reticulum and Golgi apparatus, and modulates 319 STIM1 dependent store operated calcium entry (14). It was found over-expressed in conventional 320
and water clear chief cell adenomas vs. oxyphilic adenomas and normal parathyroid by LC-MS/MS. 321
By IHC we demonstrated the cytoplasmic expression of SURF4 in all parathyroid adenomas and 322 normal rim, however no difference was seen between cell types (data not shown). Therefore, no 323 further functional investigation was conducted in this study. classified as of oxyphilic adenoma much lower, 4% compared to 12% in our cohort. In our study 332 patients with oxyphilic adenoma were significantly older than those with chief cell adenomas, which 333 may be mechanistically related to the fact that the number of oxyphilic cells increase by age (15). 
CDKN1B(p27), MEN1
and CNND1 was similar in oxyphilic and chief cell adenomas. However, 347 oxyphilic cell adenomas exhibited higher levels of PTH, which is coherent with a previously 348 published report on flow-cytometry isolated parathyroid adenoma cells (20) . In that study oxyphilic 349 cells were found to produce more PTH and to be more sensitive to calcium in their PTH response as 350 compared to chief cells. On the protein level we did not observe significant differences of PTH by 
386
We discovered a new nuclear receptor TR4 in parathyroid tissue for which lower expression was 387 demonstrated in oxyphilic cell adenomas than chief cell adenomas by Western blot analysis. In the 388 normal parathyroid gland the amount of oxyphilic cells is known to increase by age. In our study, we 389 also found that the age of oxyphilic cell adenoma patients was significantly higher than the chief cell 390 adenoma patients. These observations indicate that the presence of oxyphilic cells may associated 391 with aging. We speculate that reduced TR4 may contribute to the increase of mitochondria mass and 392 eventually genesis of oxyphilic cells in older patients. Premature aging phenotypes and abnormal 393 mitochondria accumulation were observed in TR4−/− mice (24, 25). Decreased TR4 may increase 394 oxidative stress and genome instability, thereby reduce mitochondrial ATP generation capacity and 395 complex I activity (24, 25). In this scenario, the increase in mitochondria mass would then be a 396 compensatory effect. Additionally, bone mineral loss was found in TR4 −/− mice. PTH, PTHR, 397 osteocalcin, and type I collagen alpha 1 were found to be dramatically reduced in osteoblasts from 398
TR4
−/− mice as compared to those from TR4 +/+ mice (26). It could be speculated that reduced 399 osteoblast activity may induce compensatory increase of PTH secretion. However, our cell culture 400 study did not reveal changes in TR4 protein levels at different levels of calcium induction in the 401 medium, suggesting that calcium may not regulate TR4 levels in parathyroid adenoma cells.
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Interestingly, immunohistochemistry showed that TR4 was expressed in both cytoplasm and nuclei in 403 normal parathyroid and normal rim, while it was mainly expressed in the nuclei of adenomas. tissue we analyzed p53 protein and TP53 mRNA levels in parathyroid adenomas using an antibody 412 and PCR primers which detect both wild-type and mutant forms. We found that TP53 is expressed on 413 the mRNA level in parathyroid adenomas, but not at the protein level. The TP53 gene expression 414 level was lower in oxyphilic cell adenomas than chief cell adenomas. Based on the combined results, 415
we may speculate that LMO3 and S100B are involved in the development of parathyroid tumors 416 through the p53 pathway. In many other cells type p53 was shown to be able to translocate into 417 mitochondria under stress by reactive oxygen species (ROS)-dependent or -independent pathways and 418 impair mitochondrial function, followed by induction of apoptosis and necrosis (27,28). Since 419 reduced levels or loss of p53 protect against cell death we can speculate that reduced p53 in oxyphilic 420 adenomas could contribute to cell transformation and proliferation. 421
422
In conclusion, our study showed that oxyphilic cell adenomas are molecularly similar to but also 423 distinct from chief cell adenomas. The calmodulin-eEF2K, TR4 and p53 pathways may play a role in 424 the oxyphilic cell transformation and proliferation. Molecular changes take place in normal 425 parathyroid rim under long-term hypercalcemia. CYP27B1 cytochrome P450, family 27, subfamily B, polypeptide 1; FGFR1 fibroblast growth factor receptor 1; GCM2 glial cells missing homolog 2; MEN1 multiple endocrine neoplasia type 1;
NDUFA13 NADH dehydrogenase 1 alpha subcomplex, 13; PTH parathyroid hormone; PTHLH parathyroid hormone-like hormone; VDR vitamin D (1,25-dihydroxyvitamin D3) receptor;
TR4 Nuclear receptor subfamily 2 group C member 2; EEF2K Eukaryotic elongation factor 2 kinase; LMO3 LIM domain only protein 3; S100B Protein S100-B; SURF4 Surfeit 4, isoform CRA_c. Norm = normal parathyroid from normo-calcemic; conv = conventional chief cell adenoma; chief = chief cell adenoma oxy = oxyphilic cell adenoma; wat = water-clear chief cell adenoma; IHC = Immunohistochemistry; nucl = nuclear; cyto = cytoplasmic; mbr = cell membrane * CASR, MEN1/Menin and SURF4 are based on analysis of the testing panel with 2 chief cell and 2 oxyphilic adenomas.
PTH, VDR, and TR4 were analysed in adenoma cases no. 1-30. 
